Abstract. In these proceedings we highlight the primary scientific goals and design of the WEAVE-LOFAR survey, which will use the new WEAVE spectrograph on the 4.2m William Herschel Telescope to provide the primary source of spectroscopic information for the LOFAR Surveys Key Science Project. Beginning in 2018, WEAVE-LOFAR will generate more than 10 6 R=5000 365-960nm spectra of low-frequency selected radio sources, across three tiers designed to efficiently sample the redshift-luminosity plane, and produce a data set of enormous legacy value. The radio frequency selection, combined with the high multiplex and throughput of the WEAVE spectrograph, make obtaining redshifts in this way very efficient, and we expect that the redshift success rate will approach 100 per cent at z < 1. This unprecedented spectroscopic sample -which will be complemented by an integral field component -will be transformational in key areas, including studying the star formation history of the Universe, the role of accretion and AGN-driven feedback, properties of the epoch of reionisation, cosmology, cluster haloes and relics, as well as the nature of radio galaxies and protoclusters. Each topic will be addressed in unprecedented detail, and with the most reliable source classifications and redshift information in existence.
Introduction & Motivation
The International LOFAR Telescope offers a transformational increase in survey speed compared to existing radio telescopes, as well as opening up one of the few poorly explored regions of the electromagnetic spectrum. An important driver for LOFAR, since its inception, has been to carry out a series of surveys of the low-frequency radio sky to advance, in particular, our understanding of the formation and evolution of galaxies, clusters, and active galactic nuclei (AGN).
The LOFAR Surveys Key Science Project (KSP) is described in Röttgering et al. (2011) , but to summarize, LOFAR is carrying out surveys in a wedding-cake strategy, with three tiers of observations to be completed over the next ∼ 5 years. Tier-1 is the widest tier, and includes low-band (LBA; between 10-80 MHz) and high-band (HBA; between 120-240 MHz) observations across the whole 2π steradians of the northern sky to a depth approximately 10 times that of the FIRST survey (Becker et al. 1995) , or ∼ 600 times deeper than the VLA Low-frequency Sky Survey (Cohen et al. 2007 ). Deeper Tier-2 and Tier-3 observations are proposed over smaller areas (Tier-3 will cover ∼ 100 deg 2 to a depth greater than that of the deepest current radio imaging), focusing on fields with the highest quality multi-wavelength datasets available across a broad range of the electromagnetic spectrum. The effectiveness of new direction-dependent calibration techniques (necessary to account for the large confusing influence of the ionosphere on low-frequencies) has been demonstrated by several publications (e.g. Hardcastle et al. 2016; Shimwell et al. 2016; van Weeren et al. 2016; Williams et al. 2016) , while LOFAR's ability to rapidly survey large areas has also been demonstrated (Shimwell et al. submitted) .
Whilst the high sensitivity of low-frequency radio surveys to AGN is well known, figure 1 shows that the LOFAR Surveys KSP data are also supremely sensitive to star-formation, assuming standard relationships between radio flux density and star formation rate (SFR) from Bell (2003) . LOFAR is able to detect starforming systems that are beyond the reach of even confusion limited observations with the Herschel Space Observatory (Pilbratt et al. 2010 ) and SCUBA-2 (Holland et al. 2013 , despite the negative K-correction at sub-millimetre wavelengths).
The William Herschel Telescope Enhanced Area Velocity Explorer instrument (WEAVE; Dalton et al. 2012 Dalton et al. , 2014 ) is a next-generation spectroscopy facility, which has been designed with follow-up of LOFAR targets as one of the primary goals. WEAVE is a multi-object (MOS) and multi-integral field unit (IFU) fibre-fed spectrograph, which allows 1,000 fibres to be positioned robotically over a field of view 2 degrees in diameter. In "low resolution" mode, WEAVE produces spectra at R = 5, 000 over a contiguous wavelength range between 365-960 nm in a single exposure, ideal for the efficient detection, redshifting and classification of radio sources.
WEAVE-LOFAR is therefore tasked with being the primary source of spectroscopic information for the LOFAR surveys. Spectra are required for much more than simply estimating redshifts; it is only using these data that we are able to robustly distinguish between star forming galaxies (SFGs) and AGN, and between accretion modes in those AGN themselves. Spectra also permit us to measure velocity dispersions, estimate metallicities and derive virial black hole mass estimates; many thousands of WEAVE-LOFAR spectra thus offer an unique insight into the relationship between star formation and accretion over a huge swathe of cosmic history. In addition, since we target sources selected at radio frequencies (which are unaffected by dust obscuration), WEAVE-LOFAR will be much less biased against obscured sources than samples selected at optical/nearinfrared wavelengths, providing a representative view of the galaxy and AGN populations. Furthermore, the unique capability offered by the suite of WEAVE integral field units (IFUs) enables us to investigate the onset of cluster formation in the early Universe (putting proto-clusters into cosmological context for the first time), allows us to probe the gas supply of massive high-redshift galaxies, and provides the opportunity to measure the impact of AGN-driven feedback on galaxy evolution.
Some of the key areas that WEAVE-LOFAR will address include:
• the star-formation history of the Universe,
• accretion and AGN-driven feedback,
• the epoch of reionisation,
• cosmology,
• cluster haloes and relics,
• radio galaxies and protoclusters. , and selected other surveys, including FIRST (Becker et al. 1995 , shown as the dashed black line), and five times the confusion noise limit of Herschel Space Observatory at 250 µm (taken from Rigby et al. 2011 , red dot-dashed line, assuming a canonical isothermal template with T = 35K and β = 1.5), and from SCUBA-2 at 850 µm (dotted red line, assuming the same template SED and the confusion noise estimate taken from Geach et al. 2016) . We assume an universal radio spectral index of α = 0.71 from Mauch et al. (2013) , adopting the convention that Sν ∝ ν −α .
The WEAVE-LOFAR survey will be described in a future publication (Smith et al. in prep) , but in section 2 we discuss the survey design and expected redshift success rate, while in section 3 we discuss some key areas of the science case in more detail. We conclude in section 4.
2 Survey Design 2.1 Tier strategy and choice of fields WEAVE-LOFAR will adopt a tiered strategy, designed to efficiently sample the redshift-luminosity plane. In this way, the survey will obtain statistical samples of both the rarest bright sources (e.g. radio galaxies in the epoch of reionisation) and the star-forming galaxies that dominate the source counts at the faintest flux densities. WEAVE-LOFAR will have three tiers named Deep, Mid and Wide, which mimic the enumerated tiers of the LOFAR Surveys KSP, though targeting only a subset of the sources in each. The targeting strategy will be:
• Deep: S 150MHz > 100 µJy,
• Mid: S 150MHz > 1 mJy,
• Wide: S 150MHz > 10 mJy.
Together, the three tiers fill the redshift-luminosity plane as shown in figure 2, which are based on realisations of a single WEAVE field of view for each tier of our survey in the SKA simulated skies from Wilman et al. (2008). The source density above the flux limit in each tier is 15,000/1,100/160 per π deg 2 WEAVE field of view for the Deep/Mid/Wide tiers respectively. In the Deep and Mid tiers, this is high enough to enable us to define our own dedicated pointings (since the number of available targets exceeds the number of fibres in the MOS spectrograph). We have chosen those fields visible by both WEAVE and LOFAR that have the best available multi-wavelength ancillary data; these are detailed in table 1, and plotted in figure 3 (light-blue regions represent the Mid tier fields, while the deep fields are shown as pink circles).
In the Wide tier, the low source density of the brightest and rarest sources (including samples of high redshift powerful AGN, as well as the ultra-rare radio galaxies within the Epoch of Reionisation, the EoR) means that we must share fibres with other WEAVE surveys to efficiently use the instrument. Fortunately the WEAVE Galactic Archaeology (GA; Hill et al. in prep) survey and the WEAVE QSO survey (Pieri et al. in prep) also require wide areal coverage, and we intend to follow this strategy to cover the widest possible area (up to 10,000 deg 2 over the initial five years of survey operations). The LOFAR Surveys KSP observations to date are shown as the blue circles in figure 3) , and the necessity of observing fields in common with the GA and QSO teams has been a key ingredient in identifying the regions to observe in recent LOFAR cycles.
Expected redshift success rates
The redshift distribution of each sub-component of the faint radio source population, estimated using the SKA simulated skies (Wilman et al. 2008 ) is shown for each tier of WEAVE-LOFAR in figure 4 , from left to right in order of decreasing source density. The star forming galaxies are shown as red lines, the radio-quiet AGN are shown in black, while the high-and low-excitation radio galaxies are shown as blue and light-blue lines, respectively. Also overlaid are the redshift success rates that we expect to obtain in 1hr integrations for each population, indicated by the dotted lines of each colour.
The redshift success rates have been estimated by taking the SKA simulated skies, alongside a simple but realistic model for each component of the faint radio source population, and accounting for a realistic sky spectrum, instrument throughput, fibre size, dust reddening and wavelength coverage, and assuming a default Fig. 3 . The primary fields for the WEAVE-LOFAR survey detailed in table 1, overlaid on the outline of the SDSS imaging (grey). The Mid-tier fields are outlined in light blue, alongside the Deep fields (pink circles). The primary Mid-tier field, the HETDEX northern field (Hill et al. 2008) , is outlined in green, while the outline of the J-PAS survey (Benitez et al. 2014 ) is shown in purple. The fields observed as part of the LOFAR Surveys KSP up to the end of observing cycle 6 are shown as the blue circles. The black circle outlined in orange shows the location of the galactic anti-centre, while the the black dashed lines correspond to galactic latitudes |b| = 30.
1 hr integration on every source (though we plan to include deeper integrations of targets in the deep tier which don't yield a redshift in the first hour). The high redshift success rate in these simulations (which approaches 100 per cent at z < 1) is due to the fact that radio sources are predominantly emission line galaxies, or luminous ellipticals with strong 4000Å breaks. The redshift success rate is also included in the right-hand panel of figure 2, which shows that the WEAVE-LOFAR sample will be predominantly star-forming galaxies at z < 1.5 and high redshift radio galaxies at z > 2. Fig. 4 . The expected redshift distributions for each tier of WEAVE-LOFAR, including the Deep tier, at S150 > 100 µJy (Left), the Mid tier (S150 > 1 mJy; Centre), and the Wide tier (S150 > 10 mJy; Right). Solid lines show the model redshift distribution while dotted lines of the same colour show the distribution of successful redshifts that we expect. The population has been divided to reveal the expected redshift distributions for each constituent of the source population according to the SKA Simulated Skies (Wilman et al. 2008) , including star-forming galaxies (SFGs, in red), radio-quiet AGN (RQ-AGN, in black), high excitation radio galaxies (HEGs, in blue) and low-excitation radio galaxies (LEGs, light blue).
Science Highlights
The science case for WEAVE-LOFAR will be presented in more detail in Smith et al. (in prep) , however in this section we present brief highlights from four of the main areas.
The star formation history of the Universe
As figure 1 shows, the LOFAR surveys offer arguably the most effective way of tracing star formation in the Universe, since radio luminosity is roughly proportional to SFR (e.g. Bell 2003 ). Radio emission is unaffected by dust obscuration, and the high angular resolution available means that confusion effects do not limit the sensitivity (unlike with Herschel, e.g. Oliver et al. 2012) . While photometric, rather than spectroscopic, redshifts would be sufficient to trace the star formation density of the Universe, such redshifts are only reliable for objects with high signal-to-noise-ratio broadband detections and well-defined continuum breaks. Photometric redshifts are therefore inadequate for low-mass galaxies and/or those suffering from dust extinction, or indeed for those with bright emission lines, which comprise a large majority of the faint radio source population. The WEAVE spectra will also allow us to cleanly distinguish star forming galaxies from AGN, which can have similar flux densities at a range of redshift; spectra are therefore critical if we wish to unleash the immense power of LOFAR for studying star formation.
WEAVE LOFAR is designed in such a way as to allow us to study the properties of star formation in galaxies as a function of stellar mass, environment, and redshift simultaneously, and with large statistical samples in every bin. This will enable us to study the influence of each factor on key properties of the galaxy population including the star formation rate density of the Universe (e.g. Madau et al. 1998; Madau & Dickinson 2014) , the star formation rate function (e.g. Smit et al. 2012; Cai et al. 2014) , the fundamental metallicity relation (e.g. Mannucci et al. 2010; Stott et al. 2013) , and provide a new insight on the physics behind the far-infrared radio correlation (e.g. Yun et al. 2001; Murphy 2009; Murphy et al. 2011; Smith et al. 2014 ). Whilst we expect that individual spectra will detect only emission lines (i.e. not continuum), the uniformity of the WEAVE spectra, combined with the very large samples that we will observe, enables us to statistically detect the continuum properties of star-forming galaxies as well, reaching higher redshifts in better detail than has been previously possible. Those individual sources with continuum detections will also allow us to search for e.g. velocity offset absorption lines, thought to represent a 'smoking gun' of stellar/AGN feedback (e.g. Chen et al. 2010; Davis et al. 2012; Geach et al. 2014) , and it will also be possible to search for this signal statistically, averaging across populations (e.g. Bradshaw et al. 2013 ).
Accretion and AGN-driven feedback
Since deep radio surveys can identify not only the classical double radio-loud sources, but also the much more abundant population of radio-quiet AGN at z > 1 (Jarvis & Rawlings 2004; Simpson et al. 2006; Seymour et al. 2008; Smolčić et al. 2008) , they offer the opportunity to explore all aspects of AGN activity and evolution. By detecting radio-quiet AGN, independent of obscuration (and knowing that most black hole growth is obscured; e.g. Martínez-Sansigre et al. 2005) , radio surveys have the ability to make the most complete census of black hole accretion, including Compton-thick objects missed by X-ray surveys, allowing the poorly understood relationship between star formation and accretion to be studied further. WEAVE-LOFAR will provide new insight on the origin of the radio loud/quiet dichotomy (e.g. Ivezić et al. 2002; Cirasuolo et al. 2003; Martínez-Sansigre & Rawlings 2011) . Furthermore, obtaining large and complete samples of AGN ensures that we are able to study the interplay between key properties of the AGN themselves, such as jet power (probed by the radio luminosity; e.g. Hardcastle et al. 2007; Gürkan et al. 2015) , or accretion rate (as probed by emission line luminosity; e.g. Heckman et al. 2004) , as well as their large-scale environments, and how these relationships vary with redshift. The complete redshift information for the radio-loud AGN population provided by WEAVE-LOFAR will be essential for determining the jet kinetic luminosity function, quantifying the amount of energy injected by jets of various powers into the intergalactic medium of their host galaxies.
Spectroscopy is essential if we wish to reliably discriminate between radiatively-efficient and -inefficient accretion (the so-called "quasar" and "radio" modes; Croton et al. 2006) through the presence or absence of high ionization emission lines (see e.g. O'Sullivan et al. 2015; Best & Heckman 2012) . Here again, spectroscopy provides vital input for testing galaxy formation models, which often assume that AGN feedback controls the evolution of galaxies. In our current understanding of the AGN feedback phenomenon, the quasar mode can drive gas out of the galaxy to terminate star-formation activity (Silk & Rees 1998) , while the radio (or "jet") mode provides a lower rate of energy input that balances gas cooling, maintaining massive galaxies as "old, red and dead" (Best et al. 2006) . Recent studies have shown a decline in the space density of radio-mode AGN at z < 1, and it has been suggested that this is related to the merger history of these galaxies (Rigby et al. 2011; Simpson et al. 2012 ) and their gas supply (e.g. Best et al. 2014; Williams & Röttgering 2015) . WEAVE spectroscopy is required to determine radio-selected AGN accretion mechanisms and provides essential data for testing models of AGN-galaxy co-evolution (e.g., the relationship between star formation and accretion over cosmic history). For example, tracking the evolution of radio-mode AGN and comparing it with the evolution of massive quiescent galaxies (i.e. their likely hosts) will be key for studying the quenching mechanism itself.
The epoch of reionisation
The recent discovery and subsequent study of a QSO at z > 7 have suggested that reionisation is incomplete 750 Myr after the Big Bang (Mortlock et al. 2011; Bolton et al. 2011) . However, the large cross-section for Lyman-α absorption means that the intergalactic medium becomes opaque for neutral fractions as low as ∼0.1 per cent, limiting the usefulness of optical studies. The 21 cm hyperfine transition, by contrast, has a crosssection around 10 7 times smaller, and LOFAR will be able to map the distribution of neutral gas at z > 6 provided sufficiently bright radio sources can be found at high redshift (Carilli et al. 2002; Mack & Wyithe 2012) . Current models predict one S 150MHz > 10 mJy source at z > 6 every ∼200 deg 2 , but these extremely valuable, ultra-rare sources are difficult to isolate from the overall population and will be more efficiently identified as part of a large-scale survey effort rather than through single-object follow-up, and LOFAR will be able to discover and identify them due to its large field of view and high survey speed. Assuming conservative z > 6 source densities (though recent work by Saxena et al. in prep suggests that the true numbers may be higher), a 10,000 deg 2 survey would be expected to find ∼ 50 z > 6 radio galaxies (giving multiple lines of sight into this critical era of cosmic history), and would permit us to conduct 21 cm absorption experiments. Larger samples are highly desirable, given that the brighter and higher-redshift sources are easier to probe for 21 cm absorption, and that they provide more information about the reionisation process. A statistical sample of EoR sources will enable us to answer some of the most interesting questions about the reionisation process, such as "how long did it take?", "how clumpy was it?", and "which sources were responsible?".
WEAVE-LOFAR will also be able to probe the demographics of the black hole population at these very large redshifts to answer important questions such as "how do massive black holes and galaxies form?" and enabling us to determine the relationship between the black hole itself and the long-pursued massive and metal free stars (i.e. "population III" stars). This approach is complementary to other searches for QSOs in the Epoch of Reionisation as the low-frequency radio surveys are also sensitive to the highly dust-obscured sources SF2A 2016 that may be missed by optical/near-IR or X-ray survey data.
Radio galaxies and protoclusters
Studying the formation of galaxy clusters and their member galaxies is key to our understanding of cosmology and galaxy evolution as they are ideal laboratories to test the standard model of structure and galaxy formation (Kravtsov & Borgani 2012) . The most important epoch to study is the 3 Gyr period around z ≈ 2. During this period, the first cluster-sized halos collapsed (Chiang et al. 2013) , forming the nuggets that will grow into massive clusters by the present day. Furthermore, cluster galaxies underwent a rapid period of star formation during this time, forming the bulk of the stars that now reside in massive cluster ellipticals (De Lucia et al. 2006 ). The evolution of galaxies is affected by their surroundings, so by z ≈ 1 there exists an intimate relationship between the properties of galaxies and their environments (e.g. Dressler 1980; Behroozi et al. 2010; Peng et al. 2010; Houghton 2015) . Observations of forming galaxies in this critical phase are therefore essential to obtain a complete understanding of how clusters and their member galaxies form.
This cluster formation process is still shrouded in mystery, despite a handful (∼ 15) of protoclusters having been observed in detail. This is because current studies have not been able to place protoclusters in cosmological context: we do not know what their current halo mass is, nor how large each protocluster will grow. Without these key pieces of information it is hard to interpret what these galaxy overdensities are and how they fit into our theory of structure formation. The WEAVE-LOFAR IFU survey will transform our understanding of the early stages of cluster formation by measuring the already collapsed mass and estimating the present-day descendant cluster mass of 50 protoclusters at 1 < z < 2.5. The protoclusters will be identified as groups of two or more radio galaxies within 1.5 arc min from the WIDE tier of the WEAVE-LOFAR MOS survey, where we have the best sensitivity to the rarest objects. Both observational evidence (e.g. Venemans et al. 2007; Wylezalek et al. 2013; Hatch et al. 2014 ) and the latest simulations (in particular those by Orsi et al. 2016) agree that high redshift radio galaxies are beacons for protoclusters.
Numerical simulations show that the progenitors of massive galaxy clusters consist of many separate halos spread over 25 Mpc at z > 2 (Chiang et al. 2013; Muldrew et al. 2015; Contini et al. 2016) . The most massive of these halos could reach a few times 10 13 to 10 14 M , and be signposted with a radio galaxy (Orsi et al. 2016) . The rarest of the rare, ultra-massive protoclusters will contain several massive halos, each of which may be signposted with a radio-galaxy. Hence the association of several radio galaxies implies the presence of an agglomeration of several > 10 13 M dark matter haloes that will eventually combine to form some of the most massive clusters in the Universe. The WEAVE-LOFAR IFU survey will not only locate them, but also put them into cosmological context for the first time. We will measure the collapsed dark matter halo mass of the radio galaxies by cross correlating the radio galaxies with the surrounding emission line galaxy population (either Lyman-α at z > 2.1 or [Oii] at z < 1.5, taking advantage of WEAVE's broad wavelength coverage). The final descendant cluster mass can only be measured with a high-spectral resolution instrument, such as WEAVE.
Conclusions
We have described the WEAVE-LOFAR survey, which will use the thousand-fold multiplex and large contiguous wavelength coverage of the WEAVE instrument (Dalton et al. 2012 (Dalton et al. , 2014 , scheduled for first light on the William Herschel Telescope in 2018, to produce more than 10 6 spectra of sources selected at 150 MHz from the LOFAR Surveys Key Science Project (Röttgering et al. 2011 ). WEAVE-LOFAR will have three tiers, in order to efficiently sample the luminosity-redshift plane, and to representatively probe the whole faint radio source population. WEAVE-LOFAR will be the primary source of spectroscopic redshifts and source classifications that are required to harness the vast star formation and accretion sensitivity of LOFAR, and will allow a very wide range of science topics to be addressed. These topics include the star formation history of the Universe, the interplay between different accretion modes, and their relationships with AGN-driven feedback, probing the epoch of reionisation, cosmology, and understanding cluster haloes and radio relics. The vast spectroscopic data set that will be produced will have immense legacy value, including e.g. allowing the necessary calibration of photometric redshifts for the Euclid mission and LSST. WEAVE-LOFAR will also include resolved spectroscopy of protocluster targets, essential for putting these growing overdensities into their cosmological context, and studying the influence of powerful AGN on their surrounding galaxies. Due to the demographics of the faint radio source population, we expect that observing low-frequency selected sources will have a high redshift success rate, approaching 100 per cent at z < 1. 
